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Abstract. Stochastic variability in two out of four XMM-Newton observations of XMMU J004303+4115 
along with its power spectra and X-ray luminosities suggest a low-mass X-ray binary (LMXB) with a 
black hole primary. However, Chandra observations resolve the object into two point sources. We use data 
from 35 Chandra observations to analyse the contributions of each source, and attribute the variability 
to CXOM31 J004303.2+411528 (known as r2-3), which varies in intensity by a factor of ~100 between 
observations. We assume that the power density spectra of LMXBs are governed by the luminosity, and 
that the transition between types of power density spectra occurs at some critical luminosity in Eddington 
units, l c , that applies to all LMXBs. We use results from these XMM-Newton observations and past results 
from the available literature to estimate this transition luminosity, and find that all results are consistent 
with l c ~0.1 in the 0.3-10 keV band. CXOM31J004303. 2+411528 exhibits a low accretion rate power 
density spectrum at a 0.3-10 keV luminosity of 5.3±0.6xl0 37 erg s _1 . Known stellar mass black holes 
have masses of 4-15 M0; hence our observations of CXOM31J004303. 2+411528 are consistent with l c 
~0.1 if it has a black hole primary. 
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1. Introduction 

The Andromeda Galaxy (M31) is an attractive and 
important target for X-ray ast ronomy, since it is th e 
nearest spiral galaxy (760 kpc, Ivan den Berghll200o|) . 
and its X-ray emission is dominated by point sources. 
These point sources are thought to be mostly X-ray 
binaries, along with a few foreground objects, back- 
ground active galactic nuclei (AGN), and supernova 
remnants (SNR). The two most recent X-ray observa- 
tories, Chandra and XMM-Newton, have finally al- 
lowed studies of variability in extra-galactic X-ray 
sources over time-scales of a few hundred seconds, as 
well as between successive observations. Such short- 
term time variability is often characteristic of well- 
studied phenomena and sometimes allows classifica- 
tion of the objects from X-ray observations alone, 
in conjunction with their X-ray spectra l properties; 
for ex ample, thermonuclear X-ray bursts ijLewin et alJ 
identify an X-ray source as an X-ray binary 
with a neutron star primary. To date, analysis of the 
XMM-Newton observations of the core of M31 has re- 
sulted in the discovery of a pulsating supersoft so urce 
with a period of 865 seconds ((Osborne et al l200lh . the 



periodic dipping of the X-ray counterpart to the globu- 
lar cluster Bo 158 1 Trudolvubov et al.ll2002l ) , a persis- 



tently bright black hole binary jBarn^rdet^l.l l2003ai 
Paper 1), and a Z-sourc e llBarnard et al.l2003bl Paper 
2). Meanwhile iKaaretl l|2002 " 
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identified variability of 
three sources in a 47 ks Chandra HRC observation of 
M31, including the black hole binary later identified 
in Paper 1. 

The XMM-Newton and Chandra missions com- 
plement each other well; Chandra provides imag- 
ing with exceptional spatial resolution, while XMM- 
Newton is the most sensitive imaging X-ray ob- 
servatory yet flown. The current work exempli- 
fies how XMM-Newton and Chandra results can 
be used together to get more detailed informa- 
tion than is possible from either data set alone. 
XMMU J004303+4115 appears as a point source when 
observed with XMM-Newton, b ut is resolved by 
Chandra into two objects, 6" apart. iKong et all (|2002|) 
associate CXOM31J004202.9+411523, the southern 
source, with the globular cluster Bo 146, and report 
transient behaviour in CXO M31 J004303 2+411 528, 
the northern source. Following lKong et al.H2002|b we 
designate the northern source r2-3 and the southern 
source r2-4. We find that in XMM-Newton observa- 
tions, XMMU J004303+4115 exhibits power density 
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Table 1. Journal of XMM-Newton observations of the M31 core 



Observation 


Date 


MJD 


Exp 


Filter 


xl 


25/06/00 (revOlOO) 


51720 


34 ks 


Medium 


x2 


27/12/00 (rev0193) 


51906 


13 ks 


Medium 


x3 


29/06/01 (rev0285) 


52089 


56 ks 


Medium 


x4 


06/01/02 (rev0381) 


52280 


61 ks 


Thin 



spectra such as are seen in low accretion rate low-mass 
X-ray binaries (LMXBs), yet at 0.3-10 kcV luminosi- 
ties ofJ-L2><10f 7 ergs" 1 (Sect. 3). 

IVan der Klisl l|l994l hereafter referred to as 
vdK94) showed that the power density spectra (PDS) 
of LMXBs with neutron star or black hole primaries 
are strikingly similar. At low accretion rates, the PDS 
of LMXBs have almost identical shapes (approxi- 
mately broken power laws with the spectral index, 7, 
changing from ~0 to ~ 1 at frequencies higher than 
0.01-1 Hz) and fractional rms amplitudes of a few 
times 10% (vdK94); we shall refer to these as Type 
A PDS. At higher accretion rates, LMXBs are con- 
siderably less variable, with fractional rms amplitudes 
of only a few percent, and their PDS are described 
by power laws with 7 ~1— 1.5 (vdK94); we will refer 
to these as Type B PDS. Furthermore, vdK94 pro- 
posed that the transition between Type A and Type 
B PDS occurs at a critical fraction of the Eddington 
limit. Following vdK94, we define the critical luminos- 
ity fraction, l c , as 



-^Edd 



(1) 



where L c is the luminosity of transition between Type 
A and Type B PDS, and LEdd is the Eddington lumi- 
nosity. 

In Sect. 3 we analyse longterm lightcurves of r2-3 
and r2-4 from 35 Chandra observations, paying par- 
ticular attention to those that were made within 30 
days of one of the XMM-Newton observations. If we 
can associate Type A PDS with cither source when 
its luminosity, L, exceeds L c for a neutron star, we can 
establish that the primary is a black hole. The most 
likely candidate for such black hole behaviour is r2- 
3, since most black hole binari es are transients (e.g. 
iMcClintock fc Remillardl |2003|) . and globular cluster 
X-ra y sources mostly co ntain 1.4 Mq neutron stars 
(see iHeinke et al.ll2003l and references within). We 
present in Sect. 3 evidence that r2-3 contains a black 
hole primary 

In Sect. 4 we first establish that r2-3 is located 
in M31. We then obtain an empirical value for l c , 
using results from these XMM-Newton observations of 
globular cluster sources in M31 and published results 
from analysis of a Galactic neutron star LMXB and 
a Galactic black hole LMXB. We then use our value 
of l c to calculate L c for a neutron star with a mass of 
3.1 M ^ , the theoretical maximum (|Krishan fc Kumarl 
llQTfih . We assert that r2-3 exhibits a Type A PDS at 



a luminosity that exceeds this limit and conclude that 
the primary in r2-3 is a black hole, consistent with its 
transient behaviour. 



2. Observations 



Four XMM-Newton fljansen et alJl200l|) observations 
were made of the core of M31; details of the observa- 
tions are given in Table For each observation, 0.3- 
10 kcV lightcurves were extracted from source and 
background regions for eac h of the three EPI C in- 
struments: one PN camera llStrvider et alJl200ll) and 
two MOS cameras l|Turner et al.ll200l[) . The source 
region was circular with a radius of 20" and cen- 
tred on XMMU J004303+4115 while the background 
region was an equivalent source-free region on the 
same CCD and at a similar offset from the optical 
axis. The lightcurves were accumulated with 2.6 sec- 
ond binning. Background-subtracted, summed EPIC 
lightcurves, were then produced following the proce- 
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Fig. 1. A detail of the ACIS-I image from the 2000 
July 29 Chandra observation of the core of M31; north 
is up, east is left. The image is log scaled and 2' across. 
The large black circle is centred between r2-3 (the 
northern source) and r2-4 (the southern source) and 
has a 20" radius, indicating the extraction region used 
in the XMM-Newton observations xl-x4. The smaller 
circle at the bottom left has a radius of 3"; extrac- 
tion regions of this size were used for r2-3 and r2-4 in 
observations cl-c35. 
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Table 2. Chandra observations of the M31 core. An asterisk denotes observations that were made within 30 
days of an XMM-Newton observation; the relative times of these observations are given in the fourth column. 



Obs. 


Date (Obf 


, ID) 


MJD 


Mode 


Exposure 


Separation 


CI 


iQ/in /on 

107 iu/yy 


K oUo ) 


K1 Ad A 

01404 


A r'TCJ T 

AUlb-1 


1 

lZ KS 




Cz 


qa /i i /nn 

ou/ 11/ yy 


^ZO ( ) 


Klein 
OlOlz 


llrlO-1 


l.O KS 




Co 


11/10 /GO 

ii/ iz/yy 


K o\)o ) 


CI coo 
OlOzo 


A f 1 T (J T 


A O Ire- 
4.Z KS 




C4 


no /in /nn 

16 j iz/yy 


^zoo ) 


C 1 C Q C 

OlOoO 


llltO-1 


C O l^n 

O.Z KS 




CO 


07 / 1 o /nn 

zf / iz/yy 


^oUO ) 


c 1 c on 
OlOoy 


A r^TQ T 


A O 1,^ 

4.Z KS 




CO 


i o /ni /nn 
ly/ui/uu 


^zoy ) 


ci ceo 
OlOOz 


upp T 


1 l^c- 
l.z KS 




C i 


on /ni /nn 

zy/ui/uu 


^oU / J 


C 1 C70 

010 / z 


A f^TO T 


a 

4.Z Ks 




„o 

CO 


1 q /no /nn 
lo/Uz/ UU 


K Z (y) ) 


CI CQ7 

OlOo ( 


upn T 


1.0 KS 




cy 


i ^ /no /nn 
10/Uz/ UU 


^oUo ) 


d enn 

oioyu 


A nTQ T 
AUlo-1 


4.1 KS 




C1U 


no /no /nn 
U07 Uo/UU 


^Z / 1J 


01011 


upn t 


O K Ire 

Z.O KS 




„1 1* 
CI 1 


Of? /nc /nn 
zO/UO/UU 


/'070 s \ 

K Z ( zj 


ci enn 

oioyu 


upp T 


1 O 

l.z KS 


— 30 days 


„i o* 
Clz 


ni /n^ /nn 
Ul/ UO/UU 


^ouy j 


oioyo 




O.Z KS 


— z4 aays 


clo 


oi !c\c\ /nn 
zl/ UO/UU 


^z / oj 


01/10 


Upp T 


1 O L-c 
l.z KS 


— 4 days 


r>~\ A* 

C14 


no /nv /nn 
Uz/U / /UU 


/qi n\ 


c 1 707 

01 f z f 




0.1 KS 


+7 days 


r , 1 c 
CIO 


on /nv /nn 
zy/U * /UU 


/Q1 1 \ 

v oll j 


c 1 7Cyi 
01 ( 04 


A ( ' 1 ^ T 
AUlo-1 


0.U KS 




C1D 


i q. /no. /nn 
lo/Uo/UU 


K Z ( O) 


c 1 77/1 
01 M4 


upp T 


1 O L-o 
l.z KS 




Cl ( 


07 /no /nn 
z / /Uo/UU 


/QI 0\ 

^olz J 


c i 700 
01 / 00 


A f^TQ T 
AUlo-1 


A 1 

4. / KS 




Clo 


1 1 /nn /nn 
ii/uy/uu 


^Z / Oj 


c 1 7GQ. 

01 / yo 




1 O L-o 
l.Z KS 




ciy 


i o / i n /nn 
lz/ 1U/UU 


K 4 II ) 


ci con 

oiozy 


upp T 


1 O L-o 
l.z KS 




czu 


17/11 /nn 
1 ( j 1 1 / UU 


K A io) 


C 1 QfiC 

OloOO 


upp T 


1 O L-o 
l.z KS 




1 * 

CZl 


qi /i i /nn 
oi/ 11/ UU 


l~\ 01 o\ 
^iyiz j 


CI Q7G 

oio /y 


Upp T 


/1 7 L-d 
4 / KS 


— z/ aays 


,-.00* 

czz 


1 q / 1 o /nn 
lo/ Iz/UU 


/I CO 1 \ 

^lool ) 


C.1 QG1 

oioyi 


A r^TQ T 
AUlo-1 


4.0 KS 


— 15 days 


CzO 


1 q /ni /m 
lo/Ul/Ul 


^lo04j 


c i noo 
oiyzz 


A r^TQ Q 


4.0 KS 


-(-16 days 


Cz4 


ni /no /ni 
Ul/Uz/Ul 


/I P^OA 

^looy j 


C.1 CIA 1 

oiy4i 


Upp T 


1 O l^o 
l.z KS 




„ o e 
CzO 


i q /no /ni 
lo/Uz/Ul 


/1 k.°.o\ 
^10oz j 


oiyoo 


A ( ' 1 ^ T 
AUlo-1 


A A L-o 
4.4 KS 




CzO 


i n /n^ /ni 
1U/U0/U1 


/I ZJ7(\\ 

; 10 / UJ 


con7n 
OzU /U 


Upp T 


1 O lro 

l.z KS 


— 19 days 


c27* 


10/06/01 


(1583) 


52070 


ACIS-I 


5.0 ks 


— 19 days 


c28 


31/08/01 


(1577) 


52152 


ACIS-I 


5.0 ks 




c29 


09/11/01 


(1585) 


52222 


ACIS-I 


5.0 ks 




c30 


19/11/01 


(2904) 


52232 


HRC-I 


1.2 ks 




c31* 


08/01/02 


(2897) 


52282 


ACIS-I 


5.0 ks 


+ 1.5 days 


c32* 


16/01/02 


(2905) 


52290 


HRC-I 


1.1 ks 


+ 10 days 


c33 


02/06/02 


(2906) 


52427 


HRC-I 


1.2 ks 




c34 


02/06/02 


(2898) 


52427 


ACIS-I 


5.0 ks 




c35 


11/08/02 


(4360) 


52497 


ACIS-I 


5.0 ks 





dures laid out in Paper 1. PN energy spectra from the 
source and background regions in the 0.3-10 keV en- 
ergy band were also extracted for observations xl-x4, 
as described in Paper 1. Strong solar flaring contam- 
inated parts of observations x3, restricting the good 
data to ~25 ks. 

In order to assess the contributions of the two 
sources seen with Chandra to the properties of 
XMMU J004303+4115, we analysed 35 Chandra ob- 
servations; 15 observations used the ACIS-I configura- 
tion, 3 used ACIS-S and 17 were made with the HRC-I. 
Of these, 11 observations occurred at similar times to 
the XMM-Newton observations. From the 35 observa- 
tions, we produced long-term lightcurves for r2-3 and 
r2-4 in order to study the variability of these objects. 
In particular, we examined their contributions to the 
observations close to the XMM-Newton observations, 
to associate the variability and contributions to the 
X-ray luminosity with a particular source. 



The date, configuration mode and exposure for 
each Chandra observation are listed in Table par- 
ticular attention was paid to those Chandra obser- 
vations within 30 days of an XMM-Newton observa- 
tion: this interval was chosen to maximise the data 
available on r2-3 and r2-4 at similar epochs to xl-x4, 
and is not physically motivated. Chandra lightcurves 
were extracted in the 0.3-7.0 keV energy band from 
circular extraction regions with 3" radii around r2-3 
and r2-4 for each observation, with 50 second binning. 
To do this, a binned image was created using DM- 
COPY; ACIS and HRC images were binned by factors 
of 2 and 10 respectively. Events files were then cre- 
ated in the 0.3-7 keV band for r2-3 and r2-4 with 
DMCOPY, filtering with the relevant extraction region. 
Finally, lightcurves were created for each source using 
lightcurve. Lightcurves from nearby, source-free re- 
gions of the same size yielded < 1 photon per obser- 
vation, hence the background contribution was neg- 
ligible. Long-term lightcurves were then constructed 
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N ■ (c) 

10~ 3 0.01 

Frequency (Hz) 

Fig. 2. Power density spectra from the 0.3-10 keV 
lightcurves of XMMU J004303+4115 from observa- 
tions xl (panel a), x3 (panel b) and x4 (panel c). 
We see that there is more low-frequency power, and a 
steeper drop at high frequencies, in x3 and x4 than 
in xl. The PDS are Leahy normalised, so the Poisson 
noise has a power of 2. We believe the PDS of obser- 
vation xl is due to r2-4 alone (Sect.EH- 

for r2-3 and r2-4, representing each observation with 
a single bin. A detail of the ACIS-I image from ob- 
servation cl5 is presented in Fig. ^ r2-3 and r2-4 are 
shown, and a circle with a 20" radius is centred be- 
tween them, defining the source extraction region for 
the XMM-Newton observations. A 3" circle is shown 
in the bottom left corner to indicate the size of the 
extraction regions used in the Chandra observations. 

X-ray spectra were extracted from ACIS-I and 
ACIS-S observations of r2-3 and r2-4 using PSEX- 



tract, which also produced corresponding response 
matrices and ancillary response files. These spectra 
were grouped to have a minimum of 15 counts per 
bin, or 10 counts per bin if the total number of counts 
<100. No spectra were obtained from HRC-I because 
it is not designed for spectral work. 



3. Results 

3.1. XMM-Newton Lightcurves and power density 
spectra 

Lightcurves with 200 second bins of 
XMMU J004303+4115 from observations x3 and 
x4 were found to be highly variable; best x 2 fit lines 
of constant intensity to the data were rejected at con- 
fidence levels of 0.002% and <5xl0~ 6 % respectively 
However, the similarly binned lightcurves from xl 
and x2 were not significantly variable over this time 
scale. 

Power density spectra were obtained from the 0.3- 
10 keV lightcurves of observations xl, x3 and x4, with 
(10.4 s)^ 1 resolution and 512 frequency bins, as de- 
scribed in Paper 1. The resulting PDS are presented 
in Fig. |3 observation x2 was too short to yield use- 
ful PDS data. We fitted the PDS with single power 
laws, and while the PDS of observation xl is well fit- 
ted (x 2 /dof = 7.7/9), fits to the PDS of x3 (x 2 /dof 
= 26/9) and x4 (x 2 /dof = 64/9) are rejected at lev- 
els of 0.2% and <5xl0~ 6 % respectively. We see that 
a Type B PDS is observed in xl, where the com- 
bined EPIC intensity of XMMU J004303+4115 is 0.16 
count s _1 in the 0.3-10 keV band and yet a Type 
A PDS is observed in x4, where its intensity is 0.37 
count s _1 , i.e. over twice as bright as in xl. We also 
see a Type A PDS in observation x3, where the inten- 
sity is 0.15 count s _1 , very similar to the count rate 
in xl; hence we know that the lack of a broken PDS 
in xl is not due to a lack of counts. Since we know 
that XMMU J004303+4115 is in fact composed of two 
X-ray sources, we can only understand these observa- 
tions if the component responsible for the Type A 
PDS is absent in xl but present in x3 and x4. 

3.2. Energy Spectra 

PN spectra of XMMU J004303+4115 from observa- 
tions xl-x4 were fitted with simple emission models to 
estimate the 0.3-10 keV flux, and hence the combined 
luminosity of the two objects. The model consisted 
of a single power law suffering line-of-sight absorp- 
tion. Although good fits were obtained, this was not a 
physically motivated model, it was simply used to es- 
timate the luminosity of the source in the X-ray band. 
The luminosity of XMMU J004303+4115 ranged over 
3.0-12.0xl0 37 erg s" 1 . Details of the fits are given m 
Table El The intensities of XMMU J004303+4115 in 
observations xl-x4 were converted to Chandra ACIS-I 
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5.16x10* 5.1BxlO* 5.2x10* 5.23x 
MJD (Days) 

Fig. 3. Long term lightcurve from observations cl-c35 
of r2-3 (top) and r2-4 (bottom), converted to ACIS- 
I intensity. The y-axes are log-scaled. Stars represent 
ACIS-S observations, circles represent ACIS-I obser- 
vations and triangles represent HRC-I observations. 



count rates using pimms and the best model parame- 
ters. 

We then analysed the energy spectra from the 
Chandra ACIS-I and ACIS-S observations. The line- 
of-sight absorption was not well constrained and was 
fixed at l.OxlO 21 atom cm~ 2 , to agree with XMM- 
Newton values. The spectral index of r2-3 varied over 
the range 1.6-2.6, while the spectral index of r2- 
4 ranged over 1.3-2.3. The best fit spectral index, 
% 2 /dof and 0.3-7 keV fluxes are provided for r2-3 and 
r2-4 in Table 0] There was no significant correlation 
between spectral index and intensity within the limits 
of the data, so the mean values were used in convert- 
ing HRC-I intensities into ACIS-I intensities: spectral 
indices of 1.78±0.10 and 1.73±0.08 were used for r2-3 
and r2-4 respectively. 

3.3. Longterm lightcurves 

The long-term Chandra lightcurves of r2-3 and r2-4 
are presented in Fig. [31 The 0.3-7 keV intensities of 
the ACIS-S observations were converted to 0.3-7 keV 
ACIS-I intensities with pimms, using the best fit ab- 



sorbed power law models. Longter m lightcurves of 
r2-3 a nd r2-4 are also presented by IWilliams et, alJ 
l)2003t) . scaled to the luminosity. The la uncertainties 
on converting the measured XMM- Newton, HRC-I 
and ACIS-S intensities to ACIS-I intensities were ob- 
tained as follows. PIMMS was used to obtain the un- 
certainty in the ACIS-I intensity due to the la uncer- 
tainty in the spectral index of the original fits. These 
were added in quadrature to the statistical count rate 
uncertaintes. We see that the intensity of r2-3 varies 
by a factor of -100, from 0.0011 to 0.114 count s _1 , 
while r2-4 varies more modestly, from 0.010 to 0.079 
count s _1 . 

The longterm lightcurve of r2-3 is quite un- 
like the lightcurves of classical black hole LMXBs, 
which are characterised by short outbursts of ac- 
tivity where the intensity decays exponentially over 
several weeks, separated by years of quiescence 
1 McClintock fc Remillardl2003h . Of the Galactic black 
hole LMXBs, it most resembles GX339— 4 (dynami - 
cally confirmed as a b lack hole bv iHvnes et al.ll2003|) . 
IZdziarski et alJ l)2004|) present long-term lightcurves of 
GX 339-4 spanning ~20 years from the Ginga, RXTE 
and CGRO satellites; around 15 outbursts were ob- 
served, varying dramatically in brightness and dura- 
tion, and in the separation between outbursts. The be- 
haviour of r2-3 (Fig.[2J) is similar to that exhibited by 
GX 339-4 in the interval MJD -50200-51000, where 
GX339— 4 a ppears to be mostly a ctive, with short in- 
tensity dips I Zdziarski et al.lEo04h . 

The longterm lightcurve of r2-4, on the other hand, 
shows modulation on a ~400 day time-scale. It is 
similar to the longterm RXTE ASM lightcurve of 
4U 1820—30, an ultracompac t neutron star LM XB in 
a Galactic globular cluster l|Stella et al.lll987j) . This 
source exhibits brief low intensity states superposed 
onto cyclical variability on a —170 day period fe atur- 
ing a sharp rise and shallow decay Ipimo n1 l2003h . 

The ACIS-I equivalent intensities of r2-3 + r2- 
4 in xl-x4 and the nearby Chandra observations 
are presented in Fig Table lists the intensities 



Table 3. Best fit parameters for the 0.3-10 keV 
PN spectra of XMMU J004303+4115 . Numbers 
in parentheses represent 90% confidence uncer- 
tainties on the last digit. 



Obs. 




a 


L b 


X 2 /dof 


xl 


0.6(2) 


2.15(15) 


3.0(2) 


37/34 


x2 


1.0(2) 


1.91(15) 


4.4(3) 


36/34 


x3 


1.1(2) 


1.98(15) 


3.3(2) 


16/18 


x4 


1.4(2) 


1.89(15) 


12.0(7) 


17/34 



* an absorbed power law model was used, with 
line-of-sight absorption Nh (in units of 10 21 
atom cm -2 ) and spectral index a 

erg s" 1 



b 0.3-10 keV luminosity / 10 37 
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of XMMU J004303+4115 in observations xl-x4 with 
the individual intensities of r2-3 and r2-4 in neigh- 
bouring Chandra observations; the fractional con- 
tribution of r2-3 to the total intensity is also given. 
Observations x3 and x4 have very similar intensities to 
the neighbouring Chandra observations (within 0.5cr), 
so the fractional contributions of r2-3 and r2-4 to 
these XMM-Newton observations were assumed to 
be the same as in the nearest Chandra observation. 
However, the intensity in xl is well below the inten- 
sities of any neighbouring Chandra observation; the 
intensity dropped by 67% (Hct) in 24 days then in- 
creased by 200% (12<t) in 7 days. Instead, the inten- 
sity and X-ray spectrum of xl are consistent with that 
of r2-4 in cl3, suggesting that r2-3 has all but disap- 
peared, as in observations c3, cl7 and c20 where the 
significance of detecting r2-3 is <3cr. 

This interpretation is supported by the fact that 
r2-3 contributed ~70% of the intensity in ell and cl2, 
but only 35±13% in cl3 (Table©, rising to 55±5% in 
cl4. The spectral index, a, of r2-3 is 1.7±0.2 in cl2 and 
cl4, while for r2-4, a = 2.3±0.4 in cl2 and 1.5±0.2 in 
cl4. In xl, a = 2.15±0.15, which is considerably softer 
than in x2-x4 and consistent with that of r2-4 alone. 
We cannot be sure how the two sources contribute 
to XMMU J004303+4115 in observation xl, but given 
the observed trends in observations cl2-cl4 the most 
likely explanation of the ller drop in intensity between 
cl2 and xl is the fading to invisibility of r2-3. 

3.4. Overall behaviour 

The projected 0.3-10 keV luminosities of r2-3 and r2- 
4 in observations xl, x3 and x4 are given in Table |H| 
also, the PDS type is indicated. In observations x3 
and x4, where we know that r2-3 contributes, Type 
A PDS are seen. We argue that r2-3 is absent in ob- 
servation xl, where a Type B PDS is observed. The 
Type A PDS observed in x3 could come from either 
source, since the projected luminosity of r2-4 is half 
that in observation xl, where the Type B PDS is 
seen. However, r2-4 could not exhibit a Type B PDS 
at 3xl0 37 ergs -1 and a Type A PDS at ~7xl0 37 erg 
s _1 , its luminosity in x4. We conclude that the Type 
A contribution to the PDS of XMMU J004303+4115 
in x3 and x4 was made by r2-3, even at a 0.3-10 keV 
luminosity of 5.3±0.6xl0 37 erg s _1 in x4. We argue 
in Sect. 4 that a LMXB exhibiting a Type A PDS 
at such a high luminosity is likely to contain a black 
hole. 



4. Discussion 

In diagnosing the nature of r2-3 we first need to be 
certain that it is indeed within the M31 galaxy. We 
applied a column density of l.OxlO 21 enr 2 and a 
spectral index of 1.78 to the HRC-I observations that 
yielded the maximum and minimum ACIS-I equiv- 
alent count rates of r2-3 and obtained a flux range 




5.2xl0 4 
MJD (Days) 

Fig. 4. A comparison of XMM-Newton observations 
of XMMU J004303+4115 ( open squares) with neigh- 
bouring Chandra ACIS-I, ACIS-S and HRC-I obser- 
vations. The XMM-Newton intensities were converted 
to ACIS-I count rates using PIMMS; for conversion we 
assumed a power law spectral model, using the best 
fit parameters listed in Table |3 



of 0.012-1. 4 xlO" 12 erg cm- 2 s" 1 in the 0.3-10 keV 
band using PIMMS. This corresponds to a luminos- 
ity range of 0.08-9.5x 10 37 erg s _1 for a location in 
M31. If it was local, it would be most likely to be 
within 1 kpc, i.e. <3 times the scale-height of the 
Galactic disc, since M31 is 21.6° out of the Galactic 
plane and 120° from the Galactic Centre. In this situa- 
tion, the luminosity would be >6 orders of magnitude 
smaller, and hence up to 2 orders of magnitude fainter 
than the faintest k nown persistent Galactic LMXB 
JWilson et alJl2003l) . It would also be up to a fac- 
tor of ~3 fainter than the faintest black h ole X-ray 
transient in quiescence ijTomsick et al 1 l2003i and ref- 
erences within). It is likely that if r2-3 were local, it 
would have an optical counterpart; known absolute 
V magnitudes (My) of persistent Galactic LMXBs 
range from —2.5 to 5.6 I van Paradiis fc McClintockl 
Il995h . and the spectral types of the secondary stars in 
most black hol e X-ray transients ha ve been obtained 
m quiescence l|Charles fc Coell2003|) . with My ~0- 
9.7. Hence, if r2-3 were local, we would expect to 
see an optical counterpart with my 19. However, 
the nearest optical source in the HST catalogue of 
lHaiman et alJ l|l994h is 79" away, with a m v = 20.6; 
hence any optical counterpart to r2-3 would have to 
be fainter than this. Thus r2-3 is unlikely to be local. 
In addition, its PDS rules out the possibility that it is 
a background AGN, as they exhib it spectral breaks at 
10~ 6 -10- 5 Hz l|Uttlev et al.ll2002l) rather than at the 
~0.03 Hz seen here. We therefore conclude that r2-3 
is located in M31. 

By showing that we observe a Type A PDS from 
r2-3 at a luminosity that is too high for a neutron star 
LMXB we can classify the primary as a black hole. To 
do this, we must obtain a value for Z c , and assume that 
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Table 4. Best fit models to the 0.3-7 keV ACIS-I and ACIS-S spec- 
tra of r2-3 and r2-4 a . Numbers in parentheses represent 90% confidence 
uncertainties on the last digit. 



U bservation 


a T 2-3 


T b 

-^r2-3 


X /dot 


«r2-4 


T b 

-^r2-4 


X /dot 


cl 


2.1(2) 


3.3 


11/18 


1.7(2) 


2.4 


13/14 


c3 








1.4(3) 


3.9 


16/10 


c5 


1.9(3) 


2.5 


16/12 


1.5(3) 


4.1 


20/12 


c7 


2.1(4) 


2.2 


6/9 


1.8(3) 


2.5 


6/11 


c9 


1.7(3) 


3.4 


15/15 


1.5(4) 


3.4 


12/6 


cl2 


1.7(2) 


3.0 


20/11 


2.3(4) 


0.9 


6/7 


cl4 


1.7(2) 


4.0 


11/11 


1.5(2) 


3.0 


10/12 


cl5 


1.6(2) 


4.5 


11/16 


1.8(2) 


3.0 


12/11 


cl7 








1.6(2) 


2.0 


11/10 


c22 


2.2(9) 


2.0 


4/3 


1.9(5) 


1.8 


3/6 


c23 


2.6(7) 


0.7 


1/3 


1.6(2) 


4.0 


4/11 


c28 


1.8(3) 


3.8 


8/10 


2.2(6) 


1.9 


10/6 


c29 


1.5(3) 


4.4 


6/9 


1.4(2) 


3.5 


11/11 


c31 


2.1(3) 


3.0 


11/9 


1.3(2) 


3.7 


13/9 


c34 


1.9(3) 


2.3 


6/7 


2.3(4) 


2.0 


8.5/10 


c35 


2.0(4) 


2.7 


3/7 


1.7(3) 


3.5 


5/7 



an absorbed power law model was used, with line-of-sight absorption Njj 

= l.OxlO 21 atom cm and spectral index a 
b 0.3-10 keV luminosity / 10 37 erg s" 1 



this applies to all LMXBs. Then we must show that 
r2-3 exhibits a Type A PDS at a luminosity greater 
than L c for any neutron star. 

In the first instance, we looked at seven X-ray 
sources associated with globular clusters in x4, since 
they are likely to contain 1.4 M Q neutron stars. None 
of them exhibited Type A PDS; the luminosity range 
was -2-10xl0 37 erg s" 1 (Paper 1). Also, a Type B 
PDS was exhibited by XMMU J004303+4115 in ob- 
servation xl at 3xl0 37 erg s" 1 (which we associate 
with r2-4 alone, see Sect. 3). These results suggest 
that L c <j 2xl0 37 erg s _1 ; hence l c Ss 0.1, assuming 
hydrogen accretion onto a 1.4 M Q neutron star. 

We obtained a vital clue to l c f rom the Galactic 
neutro n star LMXB 4U 1705-44. lLangmeier et alJ 
l|l989l) analysed data from four EXOSAT observations 
of 4U 1705-44; they found that it exhibited a Type A 
PDS in the faintest observation but a Type B PDS in 
the next fa intest. In their previous analysis of the ob- 
servations l|Langmeier et al.lll987j) . they obtained 1- 
11 keV fluxes of 1.3xl0" 9 and 1.8xl0" 9 erg cm~ 2 
s _1 for these two observations. Hence an accurate dis- 
tance to 4U1705— 44 wou l d yiel d a tight constraint 
on L. IChristian fc Swan 3 Jl997l) estimate a distance 
of 11 kpc, using the most luminous X-ray burst as a 
standard candle; this constitutes an up per limit to the 
distance (see e.g.lKuulkers et all2003l and references 
within). ICornelisse et al.l <)2003h also estimate the dis- 
tance to 4U 1705—44 using bursts, but give a distance 
of 8.9 kpc with an assumed uncertainty of 30%. Hence 



L = 0.08 



+0.08 
-0.05- 



Similarly, GS 2023+338 (V404 Cygni) is a Galactic 
black hole LMX B; the most likely m ass for the pri- 
mary is 12 M i Shahbaz et al.lll994h . It wa s discov- 
ered with Ginga during an outburst in 1989 (|Makinol 
Il989h and exhibited Type A PDS at 2-37 keV lu- 
minosities >3xl0 38 erg s -1 l|Mivamoto et all li"992t 
lOosterbroek et af1ll997t and references within). The 
X-ray spectrum for V404 Cy gni was described by a 
power law with a = 1.0-1.4 1 Miyamoto et al.lll992l) . 
hence l c k, 0.06 in the 0.3-10 keV band. 

These three sets of results are all consistent with 
l c ~0.10 in the 0.3-10 keV band; this supports the 
idea of a constant l c proposed by vdK94. 

Now, r2-3 appears to exhibit a Type A PDS at a 
0.3-10 keV luminosity of 5.3±0.6xl0 37 erg s _1 ; this 
is a factor of ~3 higher than L c for a 1.4 M Q neutron 
star. Indeed, for the maximum mass of a neutron star 
(i.e. 3.1 M^. iKrishan fc Kumarlll978h . L c -4xl0 37 
erg s _1 . Known stellar-mass black holes have masses 
over the range 4-15 M 0I hence our results from r2-3 
are consistent with l c = 0.1 if the primary is a black 
hole. 
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Table 5. List of intensities of XMMU J004303+4115 in observations 
xl-x4 and the individual intensities of r2-3 and r2-4 in neighboring ob- 
servations. Numbers in parenthesis indicate 1 a uncertainties on the last 
digits. 



Observation 


MJD 


A-2-3 




Jr2-3 




ell 


51690 


0.047(10) 


0.017(5) 


0.7(2) 




cl2 


51696 


0.061(3) 


0.021(2) 


0.74(5) 




cl3 


51716 


0.017(5) 


0.026(8) 


0.35(13) 




xl 


51720 








0.027(1) 


cl4 


51727 


A f\ A A I O \ 

0.044(3) 


0.037(3) 


0.55(5) 




c21 


51879 


0.010(1) 


0.048(5) 


0.17(2) 




c22 


51891 


0.015(2) 


0.021(3) 


0.42(7) 




x2 


51908 








0.034(1) 


c23 


51922 


0.009(2) 


0.036(2) 


0.20(5) 




c26 


52070 


0.024(8) 


0.010(4) 


0.7(3) 




c27 


52070 


0.017(2) 


0.016(2) 


0.52(8) 




x3 


52089 








0.029(1) 


x4 


52280 








0.091(1) 


c31 


52282 


0.039(3) 


0.049(3) 


0.44(4) 




c32 


52290 


0.012(5) 


0.062(14) 


0.16(7) 





" Equivalent 0.3-7 keV ACIS-I intensity / count s" 1 

' /r2-3 = Il2-3 I (Jr2-3 + ItI— 4) 

c 7x = -Zr2-3 + Ii2~4 for observations xl-x4 



Table 6. Projected 0.3-10 keV luminosi- 
ties of r2-3 and r2-4 (L r 2-3 and L r2 -4 re- 
spectively) in terms of 10 37 erg s _1 . The 
PDS type is also listed. 



Observation 


L r 2-3 


ir2-4 


Type 


xl 





3 


B 


x3 


1.7 


1.6 


A 


x4 


5.3 


6.7 


A 
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